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Applicant : Ehrfeld et al 

Title METHOD OF CARRYING OUT CHEMICAL REACTIONS IN A 

MICROREACTOR AND SUCH A MICROREACTOR 
Docket : WEB 0039 PA 



BOX PCT 

Assistant Commissioner 
for Patents 

Washington, DC 20231 
Sir: 



PRELIMINARY AMENDMENT 

Prior to examination of the above-identified patent application, please amend the 
application as follows: 



IN THE SPECIFICATION 
In all Instances, please change the spelling of "minimise" to - -minimize- -. 
In all instances, please change the spelling of "minimisation" to - -minimization- 
Page 1 , line 6, delete "Description" and insert therefor - - Background and 
Summary of the Invention - -. 

Page 13, between lines 6 and 7, insert - -Brief Description of the Drawings- 
Page 14, between lines 2 and 3, insert - -Detailed Description- -. 



IN THE CLAIMS 

Please cancel claims 1-19 and insert therefor the following new claims 20-38: 
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20. A method of carrying out chemical reactions in a microreactor, in which one or 
more educt streams are guided to at least one reaction region and in which one or more 
product streams are guided from the reaction region in counterflow relationship with the 
educt stream or streams and in thermal contact therewith, characterized in that to 
minimize heat losses from the reaction region to the surrounding area the educt stream 
or streams and the product stream or streams are guided spirally or radially in at least 
one plane respectively to or from the reaction region arranged in a central region of the 
microreactor. 

21 . A method as set forth in claim 20 characterized in that a plurality of educt and 
product streams are respectively guided radially to and from the central region in 
alternate sectors of a space which is of an annular configuration in cross-section and 
which surrounds a cylindrical central region, wherein the central region and/or regions 
of the sectors sen/es or serve as the reaction region. 

22. A method as set forth in claim 20 characterized in that a plurality of educt and 
product streams are guided radially respectively to and from a plurality of reaction 
regions which are fluidically separated from each other and which are disposed in 
mutually adjacent relationship and in a central region of the microreactor, wherein in 
each case at least one educt and product stream are guided in a counterflow reactor 
unit which has at least one respective reaction region. 

23. A method as set forth in claim 22 characterized in that a heat exchange medium 
is passed around the counterflow reactor units. 

24. A method as set forth in claim 21 characterized in that the educt streams and/or 
the product streams are fed and discharged respectively by way of an outer space of an 
annular configuration. 
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25. A method as set forth in claim 20 characterized in that the educt stream or 
streams and/or the product stream or streams are guided in passages of a width in at 
least one region of < 2 mm. 

26. A microreactor for carrying out chemical reactions comprising one or more feed 
means for educts and one or more discharge means for products and at least one 
reaction region connected to the feed and discharge means, wherein the discharge 
means are arranged in counterflow relationship with the one or more feed means and 
are in thermal contact therewith, characterized in that to minimize heat losses from the 
reaction region to the surrounding area the feed means and the discharge means or the 
plurality of feed means and the plurality of discharge means are arranged spirally or 
radially in at least one plane around the reaction region which is in a central region of 
the microreactor. 

27. A microreactor as set forth in claim 26 characterized by a cylindrical central 
region and a space which is of an annular configuration in cross-section and which 
surrounds it and which is divided into sectors, 

wherein alternate sectors of the space of an annular configuration serve as feed 
and discharge means respectively, 

wherein the sectors sen/ing as a feed means are connected by way of the 
central region to the respective sectors serving as a discharge means, and 

wherein the central region and/or regions of the sectors serves or serve as a 
reaction region . 

28. A microreactor as set forth in claim 26 characterized in that a plurality of feed and 
discharge means are arranged radially in at least one plane around a plurality of 
reaction regions which are fluidically separated from each other and which are disposed 
in mutually adjacent relationship in a central region of the microreactor, wherein at least 
one respective feed means and discharge means and at least one reaction region are 
contained In a counterflow reactor unit. 
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29. A microreactor as set forth in claim 28 characterized in that the counterflow 
reactor units each have a counterflow tube including an outer tube closed at one end 
and an inner tube spaced coaxially in relation to the outer tube, wherein the inner tube 
serves as a feed or discharge means and the region between the outer and the inner 
tube serves as a discharge or feed means respectively, and wherein the transitional 
region between the feed and the discharge means in the region of the closed end of the 
outer tube serves as a reaction region. 

30. A micro reactor as set forth in claim 28 characterized in that the counterglow 
f;\ reactor units are arranged in two or more planes radially around a cylindrical central 
% region. 

• \ I 

iji 31 . A micro reactor as set forth in claim 28 characterized in that the counterglow 
reactor units are arranged in the space radially around the central spherical region. 

32. A micro reactor as set forth in claim 28 characterized in that the counterglow 
reactor units each have two mutually spaced plate-shaped elements forming a passage 

Cl serving as a feed or discharge means, and a plate-shaped element which surrounds 
the two plate-shaped elements in a U-shape and which forms therewith a respective 
passage serving as a discharge or feed means, wherein the transitional region between 
the feed and the discharge means in the region of the bend of the U-shaped element 
serves as a reaction region. 

33. A micro reactor as set forth in claim 28 characterized in that the central region 
having the counterglow reactor units is adapted for a heat exchange medium to pass 
there through. 
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34. A micro reactor as set forth in claim 27 characterized in that the sectors or the 
counterglow reactor units are surrounded by an outer space which is of an annular 
configuration in cross-section and which serves as a discharge collector or feed 
distributor and which is connected in the radial direction to the discharge means and 
the feed means respectively. 

35. A micro reactor as set forth in claim 34 characterized in that the outer space 
which is of an annular configuration and which serves as a discharge collector 59a) or 
feed distributor is surrounded by a second outer space which is of an annular 
configuration in cross-section and which serves as a feed distributor or discharge 
collector respectively and which is connected in the radial direction to the feed means 
(43; 56) and the discharge means respectively. 

36. A micro reactor as set forth in claim 27 characterized by a main discharge means 
or main feed means which is arranged above and/or below the space which is of an 
annular configuration and which is divided into sectors and/or the first and/or second 
outer space which is of an annular configuration and which for that purpose is 
connected in the axial direction to the sectors serving as the discharge means or feed 
means respectively or the discharge collector or the feed distributor respectively. 

37. A micro reactor as set forth in claim 26 characterized in that the feed and/or 
discharge means are in the form of passages in at least one region of a width of <2 
mm. 

38. A micro reactor as set forth in claim 26 characterized by catalytically active 
material which is possibly applied to a carrier, in the reaction region. 
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IN THE ABSTRACT 



Please insert the following abstract: 



- -Abstract of the Disclosure 



Microreactors are distinguished in particular by a high selectivity and yield of the 
chemical reactions carried out therein. The high surface-to-volume ratio however 
results in high heat losses from the reaction region to the surrounding area even in 
counter-flow guidance of the educt and product steams whereby those microreactors 
are limitedly suitable for use for chemical reactions in high temperatures. The object of 
minimizing such heat losses is attained with a method in which the educt and product 
streams are guided spirally or radially respectively to and from the reaction region 
disposed in a central region of the microreaction The reaction region is therefore 
surrounded in at least one plane by the educt and product streams which are guided in 
countergiow relationship with each other, so that the reaction heat generated is for a 
large part fed to the reaction region again. As a result the area of use of microreactors 
is decisively expended with regard to reactions at high temperature. A corresponding 
reactor in different configurations is also described.- - 

This amendment is being made to place the application in better condition for 
examination and to delete the multiple claim dependency. 



Respectfully submitted, 



KILLWORTH GOTTMAN HAGAN & 
SCHAEFF, L.L.P. 



By 




Richard A. Killworth 
Reg. No. 26,397 



One Dayton Centre 

One South Main Street, Suite 500 

Dayton, Ohio 45402-2023 
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Description 

The invention concerns a method of carrying out chemical reactions 
in a microreactor, in which one or more educt streams are guided to at 
least one reaction region and in which one or more product streams are 

10 guided from the reaction region in counterflow relationship with the educt 
stream or streams and in thermal contact therewith. The invention further 
concerns a microreactor for carrying out chemical reactions having one or 
more feed means for educts and one or more discharge means for 
products and at least one reaction region connected to the feed means 

15 and discharge means respectively, wherein the discharge means are 
arranged in counterflow relationship with the one or more feed means and 
in thermal contact therewith. 

By virtue of the high surface-to-volume ratio, microreactors permit 
fast precise adjustment of reaction conditions and thus optimisation of 

20 yield and selectivity. As only small amounts are reacted for each reaction 
region, reactions involving explosive and/or toxic substances can also be 
carried out, without extensive safety precautions. That permits for 
example on-site production of small amounts, in particular of substances 
whose production and/or transportation on a large scale are not 

25 practicable. 

DE 39 26 466 Al discloses a microreactor for carrying out chemical 
reactions with considerable heat production, in which substance, reaction 
and heat conduction takes place in plate-like elements which are arranged 
in mutually superposed layered relationship and which are connected and 
30 run through by a system comprising grooves produced by machining. The 
microreactor itself can be made from a catalyst material. 
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wo 95/30476 sets forth a method of carrying out chemical 
reactions. Because the educts are divided into fluid threads, the educts 
pass in closely adjacent relationship in the form of free jets into a space 
which serves as a mixing and reaction chamber where they are mixed and 
5 react due to diffusion and turbulence. The advantage in that respect is 
that the division of the educts into fluid threads means that they are 
rapidly homogeneously mixed whereby a reaction takes place with few 
consequential and by-products. Implementation of heterogeneously 
catalysed gaseous phase reactions is not readily possible using that 
10 method. 

A crucial disadvantage of known microreactors is that a high level of 
heat loss occurs by virtue of the high surface-to-volume ratio which 
permits specific, targeted and rapid adjustment of the reaction conditions. 
Particularly in the case of reactions which take place at elevated 
15 temperatures, that requires a continuous supply of relatively large 
amounts of heat in order to compensate for the heat losses by way of the 
microreactor housing and by way of the product stream which leaves the 
reactor. 

On a large scale this problem scarcely arises by virtue of the fact 
20 that the actual reaction region is thermally easy to insulate and the 
reaction heat from the product stream is easily recovered by way of heat 
exchangers. Multi-stage design configurations of that kind however cannot 
be readily transferred to microreactors and in addition would nullify the 
advantage of compact arrangements. 
25 A large-scale reactor of that kind for carrying out exothermic 

catalytic oxidation reactions under conditions which are as isothermal as 
possible is described in German laid-open application (DE-OS) No 2 016 
614. In the cylindrical reactor, the gas mixture to be reacted is fed axially 
by way of a central gas feed means and is passed radially into circular-ring 
30 or annular sectors filled with catalyst material. The reaction takes place in 
the annular sectors, in which respect alternate annular sectors are in the 
form of plate heat exchangers through which a cooling fluid flows in the 



axial direction. The reaction heat absorbed by the cooling fluid can be 
given off to the gas mixture to be reacted, for example by way of a further 
heat exchanger, in order to achieve a required initial temperature. The 
reaction products which flow radially out of the annular sectors are 
5 brought together by way of an annular space which is in the form of a 
collector or manifold and which surrounds the annular sectors. This 
configuration which includes at least one heat exchanger would however 
result in high levels of heat loss in the event of its being transferred to 
microreactor scales, by virtue of the complex structure involved. 

10 US No 5 405 586 also sets forth a cylindrical reactor having annular 

sectors as reaction regions and heat exchangers. Each second annular 
sector has a catalytically active material through which the flow is radially 
from the outside inwardly, wherein the educts are supplied axially from 
above and the products are discharged axially downwardly. Alternate 

15 sectors have a heat exchanger medium flowing therethrough radially from 
the inside outwardly so that the temperature of the catalyst-filled reaction 
regions can be precisely adjusted, 

A further large-scale reactor for carrying out catalytic reactions, in 
which the reaction regions are in close contact with a heat exchanger, is 

20 described in German patent specification No 942 805. Disposed between 
the turns of a spiral heat exchanger is catalytically active material through 
which a flow passes in transverse relationship with the heat exchanger 
medium which flows in a spiral configuration. 

A similar reactor is described in the Abstract for JP 3-26325. The 

25 gases to be reacted are passed from the inside outwardly in a spirally 
wound catalytic layer while in the intermediate spaces which are also 
spirally wound, a heating medium is firstly supplied axially and then 
passed outwardly in a spiral configuration. 

The Abstract for JP 61-118132 describes a cylindrical reactor in 

30 which the flow is through a catalytic material disposed between spirally 
wound plates, in axial relationship with respect to the axis of the spiral. A 
heat exchanger medium flows transversely with respect to the educt flow 



in the intermediate spaces, which also extend in a spiral configuration, of 
the spirally wound plates. In this case also the reaction regions are in 
direct contact with a heat exchanger. 

German patent specification No 214 788 sets forth a closed spiral 
5 counterflow cooler for heat exchange between two fluids which are 
separated from each other. No provision is made for use as a reactor. 

Large-scale reactors of this kind are optimised in regard to the 
option of specifically and targetediy adjustable isothermal reaction 
implementation. Minimisation of heat losses of the reaction regions 

10 directly to the surrounding area or indirectly by way of the discharged 
products is however not an aim here. By virtue of the heat losses which 
are involved with the altered surface-to-volume ratios, the application of 
such reactor design configurations to the scales of microreactors is 
scarcely a meaningful proposition. 

15 A tube furnace for the indirect heating of gases or liquids is 

described in Austrian patent specification No 235 802. The fluid is passed 
through counterflow tubes, that is to say double tubes which are fitted one 
into the other, and which project oriented in mutually parallel relationship 
into a firing chamber. The tubes can have a catalyst filling. This 

20 arrangement can provide for a good transfer of heat from the firing 
chamber to the counterflow tubes. Minimisation of heat losses of the 
reaction regions in the counterflow tubes to the surrounding area however 
cannot be achieved therewith. 

British patent specification No 1 122 426 sets forth a method of 

25 carrying out in particular gaseous phase reactions with simultaneous 
avoidance of secondary reactions by limiting the temperature of the walls 
of the reaction region. The educt stream is guided to a reaction region, 
while the product stream is discharged over the length of the reaction 
region in counterflow relationship with the educt stream and in thermal 

30 contact therewith. That provides for a continuous dissipation of heat so 
that the walls of the reaction region do not assume such a temperature 
which causes unwanted catalytic activity. Good transfer of heat from the 



product stream to the educt stream is not achieved by virtue of the short 
length and the arrangement of the counter-flow region. On the contrary, 
high levels of heat loss are involved by virtue of the heated educt stream 
and the product stream being guided in wide regions in contact with the 
5 surrounding area. 

Therefore the object of the present invention is to provide a method 
of carrying out chemical reactions in a microreactor, and a corresponding 
microreactor, of the kind set forth in the opening part of this specification, 
in which heat losses from the reaction region to the surrounding area are 
10 greatly reduced and wherein moreover a compact arrangement is 
possible. 

That object is attained by a method as set forth in claim 1 and by a 
microreactor as set forth in claim 7, while the appendant claims concern 
advantageous considerations of the invention. 

15 In accordance with the method of the invention the educt stream 

and the product stream or the educt streams and the product streams are 
guided spirally or radially in at least one plane respectively to or from a 
reaction region arranged in a central region of the microreactor, for the 
purposes of minimising thermal losses from the reaction region to the 

20 surrounding area. 

The fact that the product stream is guided in counterflow 
relationship and in thermal contact with the educt stream provides for 
recovery of the reaction heat contained in the product stream. The 
invention however also provides for minimisation of the heat losses of the 

25 reaction region to the surrounding area, which are very high precisely in 
the case of microreactors by way of the housing because of the high 
surface-to-volume ratio. For that purpose the reaction region is disposed 
in a central region of the microreactor and surrounded in at least one 
plane spirally or radially by the one or more educt and product streams. 

30 Reaction heat which is liberated is therefore fed to the reaction region 
again by way of the incoming educts or is given off to the product stream 
which, by virtue of the counterflow relationship, feeds the reaction heat to 



the educt stream again. The losses from the reaction region to the 
surrounding area due to heat conduction or heat radiation, in particular by 
way of the housing^ are thus kept at a minimum. The method according to 
the invention can also advantageously be used for liquid-phase reactions. 
5 Minimisation of the heat losses means that it is possible to achieve 

in the reaction region a high temperature which cannot readily be 
achieved for known microreactors, so that this method crucially expands 
the area of use of microreactors. Therefore, with this method, the 
advantages which are linked to the use of microreactors such as an 

10 increase in selectivity and yield can be expanded to a new range of 
chemical reactions- The invention is therefore particularly suitable for 
carrying out gaseous phase reactions at elevated temperatures, preferably 
at temperatures of over 500°C. 

This method makes it possible to eliminate expensive cooling of the 

15 products or heating of the educts, whereby a noticeable energy saving is 
also achieved. Pre-heating of the educt stream can nonetheless be 
provided to compensate for remaining heat losses. 

If a plurality of reaction regions are involved, they are in adjacent 
relationship and surrounded by the feed and discharge means. That 

20 adjacent arrangement of the reaction regions permits homogenisation of 
the reaction temperatures and, when using catalysts, homogenisation of 
the catalyst temperatures. In that way the reactions can be carried out in 
the microreactor under uniform conditions. Furthermore the arrangement 
of feed means, discharge means and reaction region permits a compact 

25 structure with a simple design configuration so that inexpensive 
implementation in large numbers is made possible. 

In accordance with a first embodiment of the method an educt and 
a product stream are fed spirally In one plane respectively to and from a 
reaction region arranged at the common axis of the spiral. To avoid heat 

30 losses in the direction above and below the plane of the spiral, the educt 
and product streams advantageously have a high aspect ratio, that is to 
say the ratio of height to width, and/or a plurality of educt and product 



streams are guided spirally in mutually superposed planes. It Is also 
possible for two or more educt and/or product streams to be guided 
parallel in one plane. Likewise it is also possible to provide two or more 
reaction regions which are possibly arranged in mutual succession. 
5 In accordance with a second embodiment a plurality of educt and 

product streams are respectively guided radially to or from the central 
region respectively in alternate sectors of a space which is of an annular 
configuration in cross-section and which surrounds a cylindrical central 
region, wherein the central region and/or the region of the sectors serves 

10 or serve as a reaction region. In this arrangement therefore the reaction 
region is radially surrounded in at least one plane by the educt and 
product streams which are guided in the sectors in counterfiow 
relationship with each other. 

In accordance with a third embodiment a plurality of educt and 

15 product streams are guided radially respectively to and from a plurality of 
reaction regions which are fluidically separated from each other and which 
are in mutually adjacent relationship in a central region of the 
microreactor. At least one respective educt and product stream are guided 
in a counterfiow reactor unit in thermal contact with each other and In 

20 counterfiow relationship with each other, wherein the counterfiow reactor 
unit respectively has at least one reaction region. The counterfiow reactor 
units are therefore adjacent in at least one plane and oriented towards a 
central region so that the reaction regions are also in mutually adjacent 
relationship. The educt and product streams extend radially in the 

25 direction of the central region. The heat which is given off by a reaction 
region is therefore given off in that plane to the educt and product 
streams and to the other reaction regions so that homogenisation of the 
temperatures of the reaction regions and therewith uniform reaction 
implementation in the counterfiow reactor units is achieved. 

30 It may be advantageous to pass a heat exchange medium around 

the counterfiow reactor units. The intermediate spaces between the 
counterfiow reactor units can be used for that purpose. 



To divide up an educt stream and to bring individual product 
streanns together, the educt streams and/or the product stream are fed or 
discharged respectively by way of an outer space or chamber of an 
annular configuration. That also provides for a further heat exchange 
5 effect between the educt and product streams. 

In order to ensure good heat transfer, the educt and/or product 
streams are advantageously guided in passages of a width in at least one 
region of < 2 mm. Even very small passage widths of 500 jum and smaller 
can be produced using micro-engineering manufacturing processes, 

10 whereby very good heat transfer between the product and educt streams 
is achieved even with short travel lengths and/or high flow speeds. A 
further advantage of small passage widths is the presence of laminar flow 
conditions which, in contrast to turbulent conditions which are otherwise 
conventional in reactors, permit accurate adjustment of the residence 

15 times and thus an increase in both selectivity and also yield. 

The microreactor according to the invention is distinguished in that 
the one or more feed means and the one or more discharge means are 
arranged spirally or radially in at least one plane around the reaction 
region which is in a central region of the microreactor. The fact that the 

20 reaction region is surrounded in at least one plane by the one or more 
feed means and discharge means respectively provides for minimising 
heat losses from the reaction region to the surrounding area. 

In order to minimise heat losses perpendicularly to the plane in 
which the reaction region is surrounded by the feed and discharge means, 

25 the feed and discharge means advantageously have a high aspect ratio, 
that is to say ratio of height to width, and/or a plurality of such 
microreactors are arranged in mutually superposed relationship in such a 
way that the reaction regions are disposed in mutually adjacent 
relationship. 

30 In accordance with a first embodiment of the microreactor the feed 

and discharge means extend spirally around a common spiral axis, 
wherein the reaction region is arranged in a region at the common spiral 



axis. Two or more feed means can also be provided for introducing two or 
more educts. Two or more reaction regions which are possibly arranged in 
mutual succession may equally advantageously also be provided. 

In accordance with a second embodiment the microreactor has a 
5 cylindrical central region which is surrounded by a space or chamber which 
is divided Into sectors and which is of an annular configuration in cross- 
section. Alternate sectors of the space or chamber of an annular 
configuration serve as feed means and discharge means respectively. The 
central region and/or regions of the sectors serves or serve as a reaction 

10 region. The sectors which serve as the feed means are respectively 
connected by way of the central region to the sectors serving as the 
discharge means. For that purpose the cylindrical central region can 
simply be in the form of a free space into which the sectors open, or the 
central region is subdivided in such a way that only one respective sector 

15 is connected to its adjacent sector. 

In accordance with a third embodiment a plurality of feed and 
discharge means are arranged radially in at least one plane around a 
plurality of reaction regions which are fluidically separated from each other 
and which are disposed in mutually adjacent relationship in a central 

20 region of the microreactor. At least one respective feed means and 
discharge means and at least one respective reaction region are contained 
in a counterflow reactor unit. 

The counterflow reactor units are therefore disposed in mutually 
adjacent relationship in at least one plane and are oriented towards the 

25 central region in such a way that the reaction regions are in mutually 
adjacent relationship and the feed and discharge means are arranged 
radially around the reaction regions. 

In accordance with a configuration of this embodiment the 
counterflow reactor units each have a counterflow tube which includes an 

30 outer tube closed at one end and an inner tube spaced coaxiaily in relation 
to the outer tube. The inner tube serves as a feed or discharge means and 
the region between the outer tube and the inner tube serves conversely 



as a discharge means or feed means respectively. The transitional region 
between the feed means and the discharge means in the region of the 
closed end of the outer tube serves as the reaction region. Those 
counterflow tubes are arranged radially around a central region in such a 
5 way that the reaction regions are disposed in mutually adjacent 
relationship and are oriented towards the central region. 

To minimise heat losses perpendicularly to the plane of the 
counterflow reactor units, there are advantageously provided two or more 
mutually superposed planes with counterflow reactor units, which are 
10 respectively arranged in a plane radially around a common cylindrical 
central region. Such an arrangement is technically easy to carry into 
effect. 

It is also possible for the counterflow reactor units to be arranged 
radially in the space around a spherical central region. Such an 
15 arrangement which for example is spherically symmetrical substantially 
prevents direct heat losses of the reaction regions to the surrounding 
area. 

In accordance with a further configuration the counterflow reactor 
units respectively have two mutually spaced plate-shaped elements which 

20 form a passage serving as a feed means or discharge means, and a plate- 
shaped element which surrounds the two plate-shaped elements in a U- 
shaped configuration and which, with the first two plate-shaped elements, 
forms a respective passage serving as a discharge or feed means 
respectively. The transitional region between the feed and discharge 

25 means in the region of the bend of the U-shaped element serves as the 
reaction region. 

Those counterflow reactor units, by virtue of the plate-shaped 
elements being of almost any desired extent, permit very high aspect 
ratios and thus very good heat exchange conditions, while involving very 
30 low levels of heat loss to the surrounding area. 

Due to the use of plate-shaped elements which are in part bent or 
curved, the microreactor is of a simple structure and can thus be produced 
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inexpensively. In particular the U-shaped plate-shaped elennents of the 
individual counterflow reactor units, as they are mutually adjoining, can be 
produced from a single piece. 

In accordance with one of the alternative configurations the 
5 counterflow reactor units can be mutually adjoining in order to achieve 
homogenisation of the temperature of the reaction regions by heat 
conduction. If there are intermediate spaces between the counterflow 
reactor units, they can be used for passing a heat exchange medium 
therethrough. 

10 The sectors in accordance with the second embodiment or the 

counterflow reactor units in accordance with the third embodiment are 
advantageously surrounded by an outer space or chamber which is of an 
annular configuration in cross-section and which serves as a discharge 
collector or manifold or a feed distributor or manifold and which is 

15 connected in the radial direction to the discharge means and to the feed 
means respectively. That permits improved heat exchange with at the 
same time a compact structure. 

The above-mentioned space of an annular configuration, which 
serves as a discharge collector or a feed distributor can be surrounded by 

20 a second outer space or chamber which is of an annular configuration in 
cross-section and which conversely serves as a feed distributor or 
discharge collector respectively and which for that purpose is connected in 
the radial direction to the feed means or the discharge means 
respectively. 

25 A main discharge means or a main feed means can be provided 

above and/or below the space in the form of the circular ring, which is 
divided into sectors, and/or the first and/or second outer space in the 
form of the circular ring. For that purpose the main feed means or the 
main discharge means is connected in the axial direction to the sectors 

30 serving as the discharge means or the feed means respectively, or the 
discharge collector or the feed distributor respectively. Besides the 
extremely compact design configuration, this arrangement minimises heat 
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losses perpendicularly to the plane in which the feed and discharge means 
are arranged. 

The feed and/or discharge means are advantageously in the form of 
passages of a width in at least one region of < 2 mm, for good heat 
5 transfer. Passage widths of less than or equal to 500 i^m are preferred, 
whereby very good heat transfer between product and educt stream is 
achieved even with short travel lengths and/or high flow speeds. In a 
particularly preferred feature the passage widths are so selected that 
laminar flow conditions prevail, presuming corresponding volume flows. 

10 Particularly for implementing heterogeneously catalysed gaseous 

phase reactions, the reaction region has a catalytically active material. 
This can be applied to a carrier material or the walls surrounding the 
reaction region can have a catalytically active material, for example they 
may consist thereof or they may have it as a coating. 

15 The microreactors can be produced from individual, suitably bent 

plate-shaped parts such as sheets or foils, or from a substrate, into which 
suitable structures such as passages and cavities are introduced, which 
are possibly closed off by a cover plate. 

Suitable production processes are in particular precision- 

20 engineering and micro-engineering processes such as milling, spark 
erosion, ablation by means of laser radiation, lithographic processes using 
etching procedures, in particular wet etching of high-quality steels, or 
LIG A- processes. Inexpensive mass production can also be effected with 
casting or molding processes such as injection molding or die casting or 

25 stamping. In this respect, besides polymers, it is also possible to use pre- 
ceramic compounds or organically bonded metallic and/or ceramic 
powders, in which case the method possibly requires a bonding agent- 
removal step and a heat treatment. 

Suitable materials for such microreactors are selected in particular 

30 having regard to chemical inertness in respect of the educts and the 
products, temperature stability and workability. Depending on the 
respective use involved therefore consideration is given to in particular 
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metals, high-quality steels, alloys, semi-metals (metalloids) such as 
silicon, glass, ceramic or polymers such as thermoplastic materials. 

Further functional units such as mixers, heat exchangers or 
sensors, for example quantitative flow rate meters, pH-probes, pressure 
5 or temperature measuring devices may be integrated into such 
microreactors. 

Embodiments of the microreactor according to the invention are 
described in greater detail hereinafter with reference to the accompanying 
diagrammatic drawings in which: 
10 Figure la is a view in cross-section from above showing a 

microreactor with a spiral arrangement of the feed and discharge means. 

Figure lb is a side view in cross-section of the microreactor shown 
in Figure la, 

Figure 2 is a view in cross-section from above showing a 
15 microreactor with a spiral arrangement of two feed means and a discharge 
means. 

Figure 3a is a view in cross-section from above showing a 
microreactor with a space of an annular configuration, which is divided 
into sectors serving as feed means and discharge means respectively, 
20 Figure 3b is a side view in cross-section of the microreactor shown 

in Figure 3a, 

Figure 4a is a view from above in cross-section showing a 
microreactor with radially arranged counterflow reactor units in the form 
of counterflow tubes, 
25 Figure 4b is a side view in cross-section of the microreactor shown 

in Figure 4a, 

Figure 5a is a view from above in cross-section showing a 
microreactor with radially arranged counterflow reactor units formed from 
plate-shaped elements, 
30 Figure 5b is a side view in cross-section showing the microreactor of 

Figure 5a, and 
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Figure 5c is a perspective view in section from above and partly 
from the side of the microreactor shown in Figures 5a and 5b. 

Referring to Figure la, shown therein is a diagrammatic view from 
above in cross-section of a microreactor 1 with a spiral arrangement of the 
5 feed means 2 and the discharge means 3. The feed means 2 and the 
discharge means 3 are guided in adjacent relationship in one plane in the 
manner of a double spiral and both are connected to the reaction region 4 
which is in the common central region 4\ The arrows indicate the direction 
of flow of the educt and product stream respectively within the 

10 microreactor 1. Except for the outer turn, the feed means 2 is surrounded 
in the illustrated plane by the discharge means 3. Because the reaction 
region 4 is surrounded in the illustrated plane by the feed and discharge 
means 2, 3, heat losses to the surrounding area are greatly minimised in 
that plane. The adjacent arrangement and fluid guidance in counterflow 

15 relationship permit effective heat exchange between the product stream 
and the educt stream. A catalyst material 5 is disposed in the reaction 
region 4. 

Figure lb is a side view in cross-section of the microreactor 
illustrated in Figure la. The adjacent arrangement of the feed means 2 

20 with the discharge means 3 which are both connected to the reaction 
region 4, here with a catalyst material 5, is cleariy visible herein. In order 
to reduce heat losses to the top and bottom plates 6, 7 which close off the 
feed means and the discharge means at the two end faces, the feed 
means 2 and the discharge means 3 have a high ratio between height and 

25 width. It is also possible for a plurality of such microreactors to be stacked 
one upon the other whereby there are no heat losses to the adjacent 
closing elements. 

The microreactor shown in Figure 2 has two feed means 10 and 11 
and a discharge means 12 which are arranged around the reaction region 
30 13 in the central region 13' and are connected thereto. It is also possible 
to provide three or more feed means or two or more reaction regions 
which are possibly arranged in mutual succession. 
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Such microreactors which are shown in Figures la, lb and 2 can be 
made up from plate-shaped elements which are wound in a spiral 
configuration and which are closed at the end faces, and have connections 
for the feed and the discharge means. It is also possible for the walls of 
the feed and the discharge means and a bottom plate to be produced in 
one piece from a substrate, for example by microstructuring of a polymer 
and subsequent galvanic molding or by stamping of an aluminum plate. 

Figure 3a diagrammatically shows a microreactor 20 having a space 
or chamber 29a which is of an annular configuration in cross-section and 
which surrounds a cylindrical central region 30 and which is divided into 
sectors 31a, b. Alternate sectors 31a, b, here in each case seventeen, 
serve as feed means 22 and as discharge means 23 respectively. The 
sectors 31a serving as feed means 22 are connected by way of the central 
region 30 which is formed by a free space to the sectors 31b serving as 
discharge means 23. In this example, the regions, which are towards the 
central region 30, of the sectors 31b serving as the discharge means 23 
serve as reaction regions 21. The space 29a of an annular configuration 
has a plurality of sectors, thereby providing for a good heat exchange 
effect between the product and educt streams which are guided in 
counterflow relationship and which flow radially to and from the central 
region respectively. In this example, the sectors 31a serving as feed 
means 22 are in the form of passages of approximately equal width while 
the sectors 31b serving as discharge means 23 are of a cross-section 
which enlarges radially outwardly. The walls 24 which delimit the feed and 
discharge means 22, 23 and which form the sectors 31a, b are 
advantageously formed from a material which is a good conductor of heat, 
for example metal foils or sheets. The space 29a of an annular 
configuration is surrounded by an outer space 29b which is of an annular 
configuration and which serves as a feed distributor 27a. For that purpose, 
it is connected to a laterally arranged main feed means 27b and by way of 
slots 29c to the sectors 31a serving as feed means 22. The directions of 
flow of the educt and product streams are indicated as arrows. In this 



example, the reaction regions 21 liave a catalytically active material 25 
which is applied to a carrier 26, It may also be advantageous to provide a 
catalytically active material in the central region 30. In order to achieve a 
change in temperature, for example when starting a reaction in the 
microreactor. In the central region 30 of the microreactor 20, it may be 
advantageous to arrange a heating or cooling device, for example a heat 
exchanger, in the central region 30, 

The lateral cross-section shown in Figure 3b of the microreactor 20 
illustrated in Figure 3a also indicates the configuration of the educt and 
the product streams by means of arrows. Also shown therein is a reaction 
region 21 with a catalytic material 25 which Is applied to the carrier 25 
and which is connected by way of the feed means 22, the feed distributor 
27a to the lateral main feed means 27b and by way of the discharge 
means 23 to the main discharge means 28, The main discharge means 28 
are arranged at both ends of the microreactor 20 above and below both 
the central region 30, the space 29a which is of an annular configuration 
and which is divided into sectors, and also the outer space 29b which is 
also of an annular configuration, and are axially connected to the sectors 
31b serving as the discharge means 23, 

Figure 4a shows a view from above in cross-section of a 
microreactor 40 which in the illustrated plane has five counterflow reactor 
units 41. Each microreactor unit 41 includes a feed means 43 which is 
formed by an inner tube 44 and which is surrounded in the illustrated 
plane by the discharge means 45 in the form of an outer tube 42, and is 
connected thereto by way of the reaction region 46 which is disposed at 
the closed end of the outer tube 42. The individual counterflow reactor 
units 41 are arranged radially in such a way that the reaction regions 46 
which are not in fluidic communication with each other are disposed in 
adjacent relationship in the central region 46\ In this example the region 
46' between the counterflow reactor units 41 is empty, whereby heat 
transfer to adjacent counterflow reactor units takes place predominantly 
by heat radiation. The adjacent arrangement of the reaction regions 46 
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minimises heat transfer to the surrounding area. It is also possible to use 
the free region 46' for passing a heat exchange medium therethrough, for 
example in the starting phase of a reaction, for temperature regulation 
purposes or to dissipate excess heat. The discharge means 45 of the 
5 counterflow reactor units 41 are connected to a discharge collector or 
manifold 49a which is in the form of a space or chamber 49b of an annular 
configuration. The feed means 43 begin in a common feed distributor 47a 
which in the form of a second outer space or chamber 47b of an annular 
configuration surrounds the discharge collector 49a. 

10 Figure 4b is a side view in cross-section showing the microreactor 

40 illustrated in Figure 4a. The counterflow reactor units 41 each include 
an outer tube 42 and a coaxially arranged inner tube 44, wherein both 
tubes are of a round cross-section. The outer tube 42 is hemispherically 
closed at one end. The inner tube 44 forms the feed means 43 which is 

15 surrounded by the discharge means 45. The reaction region 46 is disposed 
in the transitional region between the feed means 43 and the discharge 
means 45, preferably in the region of the closed end of the outer tube 42. 
The counterflow reactor units 41 are arranged in the interior of the 
discharge collector 49a of an annular configuration, radially in three planes 

20 around the cylindrical central region 46'. The discharge collector 49a 
connects the individual discharge means 45 to the main discharge means 
49c which are arranged at both end faces of the cylindrical microreactor 
40, The feed distributor 47 which is in the form of the second outer space 
47b of an annular configuration communicates the main feed means 48 

25 with the individual feed means 43. The microreactor units 41 are arranged 
radially around the central region 46' in such a way that the reaction 
regions 46 are adjacent. By virtue of greatly reduced heat radiation losses 
to the surrounding area, both effective concentration and also 
homogenisation of the reaction heat in the central region 46' of the 

30 microreactor 40 is possible. A large part of the reaction heat contained in 
the product stream can be given off to the educt stream in the region of 
the feed means 43 and the feed distributor 47. 



The microreactor 40 can be made up of three hollow cylinders 80a, 
b, c which are disposed coaxially one within the other, for example 
consisting of metal foil or sheet. The outer tubes 42 of the counterflow 
reactor units 41 in this case represent protuberances of the innermost 
hollow cylinder 80a. The inner tubes 44 of the counterflow reactor units, 
which are connected to the central hollow cylinder 80b, are not in contact 
with the outer tubes 42 surrounding them, so that even major 
temperature differences do not result in internal stresses in the hollow 
cylinder arrangement 80a, b, c, by virtue of that free mobility. 

The microreactor 50 diagrammatically shown in Figures 5a, 5b and 
5c has five counterflow reactor units 51 which surround a central region 
60' in such a way that the reaction regions 60 of the individual counterflow 
reactor units 51 are in mutually adjacent relationship in the central region 
60'. Each counterflow reactor unit 51 has a feed means 56 which is 
surrounded by the discharge means 58 in the plane shown in Figure 5a, 
wherein the connecting region between the feed and the discharge means 
forms the reaction region 60. The educt and product streams which are 
carried by the feed means 56 and the discharge means 58 respectively 
and the configuration of which is here indicated by arrows go radially to 
and from the reaction regions 60 in the central region 60'. The counterflow 
reactor units 51 are surrounded by a space 59b which serves as a 
discharge collector 59a and which is of an annular configuration and which 
is connected to the discharge means 58. The discharge collector 59a in 
turn is surrounded by a feed distributor 57a which is in the form of a 
second outer space 57b of an annular configuration, and which distributes 
the educt stream to the individual feed means 56, from a main feed 
means 61 arranged laterally on the microreactor 50. Disposed above and 
below the cylindrical microreactor 50 is a main discharge means 62 which 
discharges the products axially from the discharge collector 59a. 

Each feed means 56 of a counterflow reactor unit 51 is formed by 
two mutually spaced plate-shaped elements 54, 55. They are surrounded 
by a U-shaped plate-shaped element 53 in such a way that formed in the 
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two intermediate spaces between the elements 54 and 55 respectively and 
the U-shaped element 53 is a respective passage which serves as a 
discharge means 58. The transitional region between the feed means 56 
and the two discharge means 58, in particular the region of the bend of 
5 the U-shaped element 53, serves as a reaction region 60. It will be clearly 
apparent in particular from Figure 5c that, in this embodiment, the U- 
shaped elements 53 of the five counterflow reactor units 51 are formed 
from a single, suitably shaped plate-shaped element which represents a 
hollow cylinder 90a with U-shaped protuberances. Each two plate-shaped 

10 elements 54, which form a respective wall of a feed means 56, of two 
adjacent counterflow reactor units 51 are formed from a plate-shaped 
element. Those plate-shaped elements also form the wall, identified as the 
central hollow cylinder 90b, between the space 59b which is of an annular 
configuration and which serves as a discharge collector 59a, and the 

15 second outer space 57b which is also of an annular configuration and 
which serves as a feed distributor 57a, The outer hollow cylinder 90c 
forms the outer wall of the feed distributor 57a. As can be seen from 
Figure 5c, the hollow cylinders 90a, b, c are connected to a bottom plate 
63 which has openings 64 for discharging the product streams from the 

20 discharge collector 59a into the main discharge means 62. In a 
corresponding manner the connection is constituted by a cover plate (not 
shown here) in relation to the main discharge means 62 which Is arranged 
above. This compact microreactor 50 comprises a small number of 
elements which are simple to produce, and it can thus be used as an 

25 inexpensive mass-produced article in many areas, for example in fuel cell 
technology and/or motor vehicle technology. 

The microreactors are of an extremely compact structure, in which 
respect the reaction regions are surrounded in at least one plane by educt 
and product streams respectively. The counterflow configuration provides 

30 that heat which is given off by the reaction regions is fed to same again so 
that markedly higher reaction temperatures can be achieved in 
comparison with known microreactors. Therefore these microreactors 
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afford a further range of uses which hitherto were not considered for 
microreactors, in particular in terms of chemical reactions at high 
temperatures. 
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CLAIMS 



1. A method of carrying out chemical reactions in a microreactor, in 
which one or more educt streams are guided to at least one reaction 
region and in which one or more product streams are guided from the 
reaction region in counterflow relationship with the educt stream or 
streams and in thermal contact therewith, characterised in that to 
minimise heat losses from the reaction region to the surrounding area the 
educt stream or streams and the product stream or streams are guided 
spirally or radially in at least one plane respectively to or from the reaction 
region arranged in a central region of the microreactor. 

2. A method as set forth in claim 1 characterised in that a plurality 
of educt and product streams are respectively guided radially to and from 
the central region in alternate sectors of a space which is of an annular 
configuration in cross-section and which surrounds a cylindrical central 
region, wherein the central region and/or regions of the sectors serves or 
serve as the reaction region. 

3. A method as set forth in claim 1 characterised in that a plurality 
of educt and product streams are guided radially respectively to and from 
a plurality of reaction regions which are fluidically separated from each 
other and which are disposed in mutually adjacent relationship and in a 
central region of the microreactor, wherein in each case at least one educt 
and product stream are guided in a counterflow reactor unit which has at 
least one respective reaction region. 

4. A method as set forth in claim 3 characterised in that a heat 
exchange medium is passed around the counterflow reactor units. 

5. A method as set forth in one of claims 2 through 4 characterised 
in that the educt streams and/or the product streams are fed and 
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discharged respectively by way of an outer space of an annular 
configuration. 

5. A method as set forth in one of claims 1 through 5 characterised 
in that the educt stream or streams and/or the product stream or streams 
are guided in passages of a width in at least one region of < 2 mm. 

7. A microreactor (1; 20; 40; 50) for carrying out chemical 
reactions comprising one or more feed means (2; 10, 11; 22; 43; 56) for 
educts and one or more discharge means (3; 12; 23; 45; 58) for products 
and at least one reaction region (4; 13; 21; 45; 50) connected to the feed 
and discharge means (2, 3; 10, 11, 12; 22, 23; 43, 45; 56, 58), wherein 
the discharge means are arranged in counterflow relationship with the one 
or more feed means and are in thermal contact therewith, characterised in 
that to minimise heat losses from the reaction region (4; 13; 21; 46; 60) 
to the surrounding area the feed means (2) and the discharge means (3; 
12) or the plurality of feed means (10, 11; 22; 43; 56) and the plurality of 
discharge means (23; 45; 58) are arranged spirally or radially in at least 
one plane around the reaction region (4; 13; 21; 46; 60) which is in a 
central region (4'; 13'; 30; 46'; 60') of the microreactor (1; 20; 40; 50). 

8. A microreactor (20) as set forth in claim 7 characterised by a 
cylindrical central region (30) and a space (29a) which is of an annular 
configuration in cross-section and which surrounds it and which is divided 
into sectors (31a, b), 

wherein alternate sectors (31a, b) of the space of an annular 
configuration serve as feed and discharge means (22, 23) respectively, 

wherein the sectors (31a) serving as a feed means (22) are 
connected by way of the central region to the respective sectors (31b) 
serving as a discharge means (23), and 

wherein the central region (30) and/or regions of the sectors (31a, 
b) serves or serve as a reaction region (21). 
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9. A microreactor (40; 50) as set forth in claim 7 characterised in 
that a plurality of feed and discharge means (43, 45; 56, 58) are arranged 
radially in at least one plane around a plurality of reaction regions (46; 60) 
which are fluidicaily separated from each other and which are disposed in 
mutually adjacent relationship in a central region (46*; 60') of the 
microreactor (40; 50), wherein at least one respective feed means (43; 
56) and discharge means (45; 58) and at least one reaction region (46; 
60) are contained in a counterflow reactor unit (41; 51). 

10. A microreactor (40) as set forth in claim 9 characterised in that 
the counterflow reactor units (41) each have a counterflow tube including 
an outer tube (42) closed at one end and an inner tube (44) spaced 
coaxially in relation to the outer tube, wherein the inner tube (44) serves 
as a feed or discharge means (43) and the region between the outer and 
the inner tube serves as a discharge or feed means (45) respectively, and 
wherein the transitional region between the feed and the discharge means 
in the region of the closed end of the outer tube serves as a reaction 
region (46). 

11. A microreactor as set forth in claim 9 or claim 10 characterised 
in that the counterflow reactor units are arranged in two or more planes 
radially around a cylindrical central region. 

12. A microreactor as set forth in claim 9 or claim 10 characterised 
in that the counterflow reactor units are arranged in the space radially 
around the central spherical region. 

13. A microreactor (50) as set forth in claim 9 characterised in that 
the counterflow reactor units (51) each have two mutually spaced plate- 
shaped elements (54, 55) forming a passage serving as a feed or 
discharge means (56), and a plate-shaped element (53) which surrounds 
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the two plate-shaped elements in a U-shape and which forms therewith a 
respective passage serving as a discharge or feed means (58), wherein 
the transitional region between the feed and the discharge means in the 
region of the bend of the U-shaped element serves as a reaction region 
(60). 

14. A microreactor as set forth in one of claims 9 through 13 
characterised in that the central region having the counterflow reactor 
units is adapted for a heat exchange medium to pass therethrough, 

15. A microreactor (20; 40; 50) as set forth in one of claims 8 
through 14 characterised in that the sectors (31a, b) or the counterflow 
reactor units (41; 51) are surrounded by an outer space (29b; 49b; 59b) 
which Is of an annular configuration in cross-section and which serves as a 
discharge collector (49a, 59a) or feed distributor (27a) and which is 
connected in the radial direction to the discharge means (45; 58) and the 
feed means (22) respectively. 

15. A microreactor (40; 50) as set forth in claim 15 characterised in 
that the outer space (49b; 59b) which is of an annular configuration and 
which serves as a discharge collector (49a; 59a) or feed distributor is 
surrounded by a second outer space (47b; 57b) which is of an annular 
configuration in cross-section and which serves as a feed distributor (47a; 
57a) or discharge collector respectively and which is connected in the 
radial direction to the feed means (43; 56) and the discharge means 
respectively. 

17. A microreactor (20; 40; 50) as set forth in claims 8 through 16 
characterised by a main discharge means (28; 49c; 62) or main feed 
means which is arranged above and/or below the space (29a) which is of 
an annular configuration and which is divided into sectors and/or the first 
and/or second outer space (29b; 49b, 47b; 59b, 57b) which is of an 
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annular configuration and wliich for that purpose is connected in the axial 
direction to the sectors (31b) serving as the discharge means (23) or feed 
means respectively or the discharge collector (49a; 59a) or the feed 
distributor respectively. 

18. A microreactor as set forth in one of claims 7 through 17 
characterised in that the feed and/or discharge means are in the form of 
passages in at least one region of a width of < 2 mm. 

19, A microreactor as set forth in one of claims 7 through 18 
characterised by catalytically active material which Is possibly applied to a 
carrier^ in the reaction region. 
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